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LOW-SPEED MODEM FUNDAMENTALS 



GENERAL 

The MC6860 low-speed Modem can be used in many 
different configurations. These include full duplex, half 
duplex, simplex, automatic answering, automatic dis- 
connect, originate only, answer only, answer/originate, 
mid others. Figure 1 illustrates the basic modem configura- 
tion used to evaluate the MC6860. An originate only and 
an answer only modem design is used for evaluation, and 
each section of the interfaee circuitry is dealt with in 
this article. 

The originate modem transmits on the Tow-frequency 
channel (Mark 1270 Hz and Space 1070 Hz) and receives 
on the high-frequency channel (Mark 2225 Hz and Space 
2025 Hz). The answer modem transmits on the Uffef 
channel and receives on the lower. 

A buffer and duplexer as shown in Figure 1 provide 
the modem interface to the transmission network while 
the bandpass filter allows only the desired receive signals 
to be seen by the limiter and demodulator. 

MODULATOR - BUFFER 

Mark/Space information that is presented to the Trans- 
mit Data input of the modem is converted to an FSK 
signal for transmission. The modulator output is an approx- 
imated sinewave derived from a digital-to-analog con- 
verter within the MC6860. There are eight amplitude levels 
per cycle. Each step has been optimized such that the 



composite waveform has a maximum amount of signal 
energy at the fundamental. Figure 2 shows the 1270 Hz 
transmit carrier and Figure 3 gives its spectral distribution. 
A nominal signal hm the swjad harmomc atteiiiiiated to 
-30 dB. 

The modulator output impedance is typically 2 k ohms. 
Loading this output with an impedance less than 100 k 
ohms can produce harmonic distortion. Therefore, a buffer 
amplifier is required to match impedances to the duplexer 
attd the telephone Une. This buffer amplifier may be de- 
signed to also provide filtering if additional clean-up of 
the transmitted signal is required. 

The modulation spectrum for 300 bits per second using 
an alternate Mark/Space data format is shown in Figure 4. 
The amount of modulation or sideband energy that falls 
in the adjacent channel is an item of concern in full duplex 
operation. Under this condition both channels are operating 
simultaneously and all the adjacent channel energy that is 
not balanced out in the duplexer feeds directly through 
the bandpass filter and to the limiter. Excessive phase 
jitter results if the received signal level is low enough to 
approach that of the interference level at the limiter input. 
For this reason, additional filtering of the modulator out- 
put may be jequired before it feeds to the duplexer on 
those modem dea^pM desirini wide dyoamic raises of 
input signal levels. 
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Interference by the second harmonic is of concern in 
the originate mode only. In this mode, the transmit signal 
is in the low band and its second harmonic falls in or 
near the passband of the return channel. In half, duplex 
operation, the transmit carrier is held at a constant 
Mark (1270 Hz) while data is being received. The second 
harmonic (2540 Hz), which is typically -30 dB or more 
below the fundamental in amplitude, falls just outside the 



passband of the receive filter and is further attenuated. 
In full duplex operation, the second harmonic and the 
modulation sidebands have about the same amount of 
energy. If this undesired energy must be reduced, the 
filter used to reduce the modulation sidebands will also 
reduce the second harmonic. Phase jitter and bias distortion 
inherent in the modulator is less than 3 fM. 




FIGURE 2 rr- MOS Synthesized tZTOMiMmMtm. 
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FIGURE 4 — Modulation Spactrum for Alternate Mark/Spaee 



DUPLEXER 

The duplexer is used to interface the modem with the 
transmission n^dia which is a telephone system in most 
ewes, through a data coupler. Since signal flow is bi- 
directional on the telephone line, the duplexer must allow 
the received signal to pass on to the bandpass filters, 
properly couple the transmitted signal onto the line, mini- 
mize the local transmit level at the bandpass filter input, 
and properly terminate the traitiM^ion line. The diagram 
of Figure 5 shows the various components of the duplexer 
with Al, A2, and A3 being the gain expressions of 
knportance. 



From 
Buffer 
Output 



R1 , 




A2 



Telephone Line 



• R2 




R4. 



Line 
Impedance 



To Bandpass Filter 



FIGURE 5 - Ouptexar 

The gain from the modulator output to the tedq>l;ione 

line is ' ' 



Al = 



R4 



R3 + R4 



where R4 is the line impedance and is considered to be 
nominally 600 ohms resistive. Since the line must be 
properly terminated, R3 must equal R4. Therefore: 



R3 = R4 = 600 ohms 
and Al=0.5 

The gain from the buffer output to the bandpass 
niter input is 



R4 



iR3 + R4J 



It is desired that A2 = 0, thus reducing the intermodulation 
effects from the local modulator. With R3 = R4: 



A2 = = 



Rl 

^Rl ^ Rl 



\^ Rl / 2 



2R2 = Rl + R2 

I 

R2 = R1 

With Rl = R2, the common mode characteristic of the 
operational amplifier is used to balance out the local modlH 
lator at the bandpass filter input, i.e., A2 = 0. 

Since all impedances except the line impedance can be 
accurately controlled, the degree of nulling A2 becomes a 
function of the hne impedance. The duplexer gain, A2, is 
plotted versus line impedance variation from 200 ohms to 
1000 ohms in Figure 6. A well-defined notch exists when 
the Une appears a purely resistive 600 ohms (the ideal 
case). In practice the line impedance can have reactive as 
well as resistive component variation, therefore the du- 
plexer ^ould be considered as providing approximately 
-10 dB even ^oug^ in many connections greater attenu-' 
ation will be achieved. 

The gain from the telephone line to the bandpass filter 
input is given by ! 
R2 



A3 



when Rl = R2. 
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FIGURE 6 — Common Mode Gain versus Line Impedance 
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BANDPASS FILTER 

The purpose of the bandpass filter is to amphfy the 
received signal frcan the remote modem while rejecting 
all other signals that may be present in the local modem or 
on the telephone line. Interference which must be filtered 
out has several possible sources. Each of these must be 
considered and dealt with individually. Noise which is 
coupled in through the transmission media is either im- 
pulsive or band limited (gausskm) white noise. Beth of ■> 
these must be analyzed on a statistical basis. Discrete 
interfering signals may also be coupled in through the 
transmission media. However, the interfering signal of 
prime importance comes from the local modulator and 
will always exist in the half or full duplex modes. 

Since the transmission media is lossy, the local transmit 
carrier level will exceed the level of the received signal. For 
this reason, the bandpass filter must have enough selectivity 
to reject the local carrier to an acceptable level. Modems 
that are designed for a wide dynamic range of input signal 
levels (-15 dBm to -55 dBm) require better than 70 dB 
rejection of interfering signals. Most of this rejection must 
come from the selectivity in the bandpass filter. 

Reducing the effects of band limited white noise is 
accomplished by decreasing the bandwidth of the filter. 
Determining the minimum bandwidth comes by investi- 
gating the received signal characteristics. The transmitted 
data can be recovered from binary FSK by properly de- 
tecting the carrier and the first sidebands (first Bessel 
function)! . With a data rate of 300 bits per second and a 
data format of alternate Marks and Spaces, the first Bessel 
function occurs at ±150 Hz from the carrier. All other 
data formats have sidebands within the ±1 SO Hz limit. 
A minimum bandwidth of 300 Hz is then required in the 
bandpass filter. 

The bandfass filter output is fed into an amplitude 
limiter, therefore the amount of passband ripple is not a 
critical parameter. An item of serious concern, however, 
is the phase linearity over the passband. All frequency com- 
ponents that pass through the filter must be equally delayed 
in time or jumbling and smearing of the data occurs. This 
is known as intersymbol or interbit interference. Perfor- 
mance of .the fommuiiication system is degraded imder 



these conditions with bias distortion and excessive phase 
jitter at the demodulator output resulting. Intersymbol 
"tnterfBrence ■ am br'fedirced by linearizing the phase 
versus frequency transfer function. The slope of this trans- 
fer fimction is termed envelope de^ay and is determined by: 

_ 1 ' 

f- ■^"'M 360deg/<^e 

where A0 - change of phase in degrees 
" Af = change of frequency in Hz 

Minimizing the distortion of the envelope delay curve 
then minimizes the intersymbol interference. This is 
rela^vely-eaisy «fver the center 2/3 of the passband. How- 
ever, keeping constant delay near the band edges is quite 
difficuh, if not impossible. For this reason, the optimum 
bandwidth is not determined according to the data rate 
but rather according to achievable linear phase charac- 
teristics. Bias distortion of one tenth of the bit period at 
300 bps typically require a -3 dWWmdmid^ of 450 Hz; 
to 500 Hz. 

Bandpass filters for evaluating the MC6860 were de- 
signed to have approximately a 450 Hz, -3 dB bandwidth 
with a Chebyschev response. The schematic for the answer 
fflter is found in Figure 7 and is outlined for identification. 
The analytical response of this filter using standard valued 
components is tabulated in Table 1 . The -3 dB bandwidth 
is calculated as 486 Hz and lifteasured as 448 Hz. There is 
approximately 0.7 dB ripple over the center 300 Hz of 
the passband, with 0.4 ms envelope delay distortion, as 
shown in Figure 8. This filter attenuates the local transmit 
carrier of 2225 Hz by -35 dB relative to the passband gain. 

A similar schematic for the originate bandpass filter is 
given in Figure 9. Its response approximates that of the 
originate filter as seen in Table 2 and Figure 10. Attenu- 
ation of the 1270 Hz local transmit carrier is -43 dB 
relative to the passband gain. 

The envelope delay distortion for both of these filters 
can be reduced by widening the passband, thus flattening 
the envelope delay curve. , 

LIMITER-THRESHOLD DETECTOR 

The demodulator in the MC6860 requires symmetrical 

limiting of the received signal in order to produce equal 
half-cycle periods. Each half-cycle period is measured in 
reference to an accurate time base to determine if the 
received frequency is a Mark or a Space. Non-symmetrical 
limiting produces errors in the demodulation process, thus 
degrading the system performance. Accurate limiting must 
be achievable over the expected input dynamic range. 
Such items as maximum input level and input offset 
voltage of the limiting device must be carefully considered. 

Figure 1 1 shows the schematic for the limiter. The 
effect of the input offset is reduced by placing equal 
terminating resistors on both the inverting and non- 
inverting outputs. An input coupling capacitor is used to 
block any dc bias coming from the output of the last 
amplifier of the bandpass filter. The desired ac signal is 
now proped-y ceoteied-abouL fee mp»t bfes tevel of the. 
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limitei and the maximum input dynamic range can now 
be achieved. A 40 dB dynamic range can be achieved with 
the limiter of Figure 1 1 . Caution must be exercised in the 
amount of loading placed upon the bandpass filter output 
for distortion can result with large signal levels. An 
isolation resistor placed in series with the hmiter input 
decreases the loading on the bandpass filter. Under maxi- 
mum signal level conditions the limiter ^ould be operating 
close to its upper input limit. 

The ou^ut of the limiter is fed into the demodulator. 



The threshold detector is used to determtee if the input 

signal to the limiter is above the maximum detectable 
signal level of the modem. This is an ampUtude measure- 
ment only, thus the period of the output is not critical. A 
comparator is used with one side biased to the peak 
amplitude of the desired minimum detectable signal level 
at the bandpass Alter output. Mun the si^al level exceeds 
the bias point, the comparator output goes low indicating 
an acceptable signal level. 



TABLE 1 — Answer Filter Tabulated Response 
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TABLE 2 — Originate Filter Tabulated Response 
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FIGURE 8 - Anwrar Bandpaa Filter Character ittict 
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DEMODULATOR 

The demodulator utilizes half-cycle detection for de- 
termining the presence of Mark or Space frequencies. 
Therefore, the Mark/Space information is quantized to 
half-cycle increments of the received carrier. Digitizing a 
linear signal produces a quantization error. This error 
appears in the form of phase jitter and bias distoitioii at 
the demodulator output of the MC6860. 

The phase jitter of the demodulator output is shown in 
Figure 12. The upper trace is the alternate Mark/Space 
transmit data into the originate modulator. The lower 
trace diows the recovered data out of the demodulator of 
the answer modem. The inherent phase jitter of the de- 
modulation process is approximated by 

„ ak ~ Data Rate ^ 
~ 4 Space Frequent 

The receive Space frequency for the answer modem is 
1070 Hz and the data rate is 300 bps, giving a peak phase 
jitter of 7%. This corresponds to 0.233 ms, as shown in 
Figure 12. The output Mark/Space transition will occur 
within 0.233 ms of the actual data transitions. Defecting 
bias distortion. 

The receive Space frequency for the originate modem is 
2025 Hz. The peak phase jitter is 3.7% (0.123 ms) at a 
data rate of 300 bps. 

Bias distortion inherent in the demodulation process 
can be found according to: 



% Bias Distortion ■■ 



-(- 



1 



) 100 



where T = Data bit period in seconds 
fs = Space frequency in Hz 
fin = Mark frequency in Hz 
Thus the originate modem has a bias distortion of 0.67% 
and the answer modem has 2.2% This is a marking bias 
(period of a Mark greater than period of a Space) for 
both modems. 



Total distortion equals percent peak jitter plus percent 
bias distortion. 

Careful inspection of Figure 12 reveals less than 0.2 ms 
marking bias. This is the accumulative bias distortion from 
the modulator input through the system to the de- 
modulator output. The majority of this distortion results 
from the non-linear envelope delay through the bandpass 
filter in the answer modem. It is for this reason that 
special consideration must be given to dday distortion. 

DATA COUPLERS 

The two data couplers commonly used with low-speed 
modems are the CBS and CBT2. Each contains a data 
access arrangement (DAA) and the necessary telephone 
network control signaling functions. Figures 13 and 14 
diow the block diagrams of the CBS and CBT data 
couplers respectively. The supervisory control signals from 
the CBS comply with the RS-232 interface specifications, 
whereas the CBT control si^ials are contact closures and 
relay drive currents. 

Table 3 identifies the various data coupler input/ 
output sisals. 

SYSTEM PERFORMANCE 

The MC6860 was evaluated in a typical system con- 
figuration. Hie tests utilized an originate only and an 
answer only design as outlined in Figure 15. The relative 
gains for both the answer and originate modems are 
given. A 600-ohm termination was provided to simulate 
the characteristic impedance of the transmission line, and 
to provide an input for the gaussian noise generator. 

The test equipment was connected according to Figure 
16. A word generator producing a 255-bit pseudo-random 
pattern at 300 bits per second was used as a transmit data 
input to the originate modem. The return channel was 
held at a constant Mark condition. The received data from 
the answer modem was compared for errors on a bit-by- 
bit basis with the transmitted data. 
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FIGURE 12 — Bias Distortion and Phase Jitter at Demodulator Output 





FIGURE 14 - Block Diagram of 
CBT Data Coupler 
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Lead Designation 


Direction 


Function 


Voltage 
(CBS) 


Contact 
(CBT) 


DT 
DR 


DT 
DR 


Both 


600-ohm transmission leads for 
data signals 


OH 


OH 


To coupler 


Control of OFF-HOOK relay 


DA 


DA 


To coupler 


To request data transmission 
path cut through 


R 1 


R 1 


To customer 


Ringing signal present 


SG 




Both 


Signal ground in coupler (CBS) 


CCT 


CCT 


To customer 


Coupler transmission path 
cut through 


SH 


SH 


To customer 


Status of lalaphona svt switch 




SHI 


To customer 


Return for SH toad In coupler 
(CBT) 




+ V 


To coupler 


Positive dc power to coupler 
(CBT) 




-V 


Both 


Return for dc power and 
common for all contact 
closures except the SH, 
SHI pair in coupler (CBT) 



*Not used in this unit. 




Vila ■ ' ■ :.m v 



X ! ' ' Originate Modam 



Transmit Lower Channel 

MC6860 ' * 



f1070 Hz Space"! 
1270 Hz Mark J 



Transmit 
Data 



Reeeiva 

Data ' 



Dafnod 



Buffer 
^dB 



Dup lexer 



eOOOhm 
Tarminatlon 



I 6 dB • 

200 200 



Answer Modem 



[2025 Hz Spacal 
222S Hz Mark J 



Bandpass 
Filtar 

Fl -17 dB 
Fu 26 dB 




300-3000 Hz 
Bandpass 
Filter 



RMS 'V 



True 
Voltmeter 



Noise 
Generator 



Racaiva Upper Channel 



r202S Hz Spacal 
.1 2225 Hz Mark J 



Amplitude . 



Duplex er 



I +6 dV 



Buffer 
-0.4US 



-30 dB 



Bandpass 
Filter 

Fi_ 26 dB 
Fu-9dB 



Sin Measured Here 



Raeafva Lower Channel 



Transmit 
Data 



Receive 
Data 



[1070 Hz Spacal 
1270 Hz Mark J 

.'4 Sf — » 



FIGURE 15 - Modem Evaluation 
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FIGURE 16 — Modem Test Equipment Configuration 



Since the received data was delayed in time due to the 
time delay of the bandpass filter and the demodulator, 
the transmit data also had to be delayed an equal time 
before a meaningful bit-by-bit comparison could be made. 
This is accomplished by the r delay between the data 
generator and the comparator. Sampling by the comparator 
was done at the center of the data bit. The number of bits 
used to determine the probaUUty of error (Pe) was 

Number of bits > 

^e 

A wideband gaussian noise generator was fed into a 
300 Hz to 3000 Hz bandpass filter simulating band- 
limited white noise over a telephone channel. The signal- 
to-noise ratio for determining the probability of error was 
measured at the output of the bandpass filter in the modem 
just prior to the limiter. This ratio is a function of the 
noise bandwidth, and for proper evaluation of the system 
the rectangular noise bandwidth of the bandpass fdters 
must be used. (The rectangular bandwidth for a sixth or 
higher order filter is approximately equal to the -3 dB 
bandwidth). 

. ^ 



The signal and noise spectrum on the simulated trans- 
mission line is shown in Figure 17. Both the lower channel, 
Fl, and the upper channel, Fy, are present, along with 
the additive noise. When these signals are fed to the band- 
pass filter centered about F]^, all signals outside the pass- 
band are attenuated as shown. 

The total amount of noise and F\] energy relative to 
the energy of Fl has now been reduced, thus improving 
the signal-to-noise ratio. Tlie improvement of Fl to noise 
can be found according to the following formula: 

A(S/N) = 20 log/^ = 10 log 

where BWl = bandwidth of input noise 
BW2 = filter bandwidth. 
For the system in Figure 17 

BWl = (3000-300) Hz =2700 Hz . 
BW2 = 448 Hz 

A(S/N)=l01og^-^7.8 dB 
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FIGURE 17 — Sigiul-to-Noise ImprovanMnt 
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Thus a signal-to-noise ratio of 12 dB at the fitct output 

COTre^onds to 4.2 dB at the filter input. 

(S/N)bW2 = (S/N)bW1 + A(S/N) 

The result of the performance tests is given in Figure 
18. The theoretical probabiUty of error (Pe)^ curve for 
non-cotereat FSK is determined according to; 

where = signal level 

■ Vn = noise level (true rms) 
BWn = rectangular noise bandwidth 
BWs = signal bandwidth = 1/bit time = 1/T 

The dashed curve in Figure 18 is based on the signal 

bandwidth and rectangular noise bandwidth being equal. 
Since the signal bandwidth is 300 Hz (300 bits per second) 
and tiie bandpass filter of ^ test circuit has a measured 
bandwidth of 448 Hz, the theoretted Pe cucii« now^tf ts 
to the left by the amount of 

44K 

A(S/N)=101og^=1.74d® 

The measured Pe curve deviates from the theoretical by 
proximately 0.5 dB. bi order to maintain a Pe < 



1 X 10"^, a signal-to-noise ratio at the limiter input must 
be greater than 12.2 dB. This corresponds to a sigtud-to- 
noise ratio on the telephone line of 4.4 dB in a 2700 Hz 
bandwidth or a signal-to-noise ratio of 3.94 dB in a 
4000 Hz bandwidth. 

SlifMARY 

This application note describes the basic functions of a 
low speed FSK modem using the MC6860. The criteria 
for design of each function are presented. A typical test 

configuration is illustrated and the results are documented. 
The interface to standard data couplers is also included. 

ACKNOWLEDGEMENT 

Appreciation is expressed to Don Kesner for his 
assistance in the design of the active filters. 

REFERENCES ' 

1. Panter, P. F.: Modulation, Noise and Spectral 
Analysis, McGraw-Hill, New York, 1965. 

2. Bell System Data Communications: Technical Ref- 
erence, Data Couplers CBS and CBT for Automatic 
Terminals, PUB 41802, Ai^t 1970, PUB 41802 A, 
March 1971. 




IS 



'.lb ; f io - llf ■ ■ .i • ' ■. 



MOTOROLA SGmiconductor Products Inc. 



Printed In SMtzwIand 



